Introduction {#sec1}
============

Age-related macular degeneration (AMD) is the most common cause of vision impairment in individuals 50 years of age and older. Degeneration of the macula, which plays a critical role in detailed central vision, leads to blurred or distorted areas within the central visual field.[@bib1], [@bib2] Approximately 10% to 20% of patients with AMD develop abnormal blood vessel formation in the choroid layer area under the macula. This choroidal neovascularization (CNV) results in the "wet" or exudative form of AMD (wAMD), which is characterized by leakage of blood and fluid from the abnormal new vessels into the retina. Accumulation of fluid within the retina leads to photoreceptor degeneration, secondary scarring,[@bib2] and ultimately vision loss. Although the wet form accounts for a minority of all cases of AMD, it accounts for 90% of AMD-related vision loss.[@bib2]

Vascular endothelial growth factor (VEGFA) plays a key role in the development of CNV and its sequelae in wAMD.[@bib3] As such, it is a key target for therapeutic intervention in the treatment of the disease. Three recombinant anti-VEGFA protein therapies (ranibizumab,[@bib4] bevacizumab,[@bib5] and aflibercept[@bib6]) that block VEGFA-induced neovascularization have revolutionized the treatment of wAMD and have become standard of care.

Despite the efficacy of protein-based anti-VEGFA therapies, a key drawback to their use is the need for chronic intravitreal (IVT) injections every 4 to 8 weeks that involve frequent office visits, injection discomfort, and logistical burden placed on relatives and caretakers in addition to costs of treatment.[@bib7] As a result, long-term follow-up of wAMD has shown that mean dosing frequencies are less than half the recommended injections, which leads to disease progression and vision loss.[@bib8], [@bib9], [@bib10] Conversely, patients receiving regular and more frequent anti-VEGFA therapy show significantly improved vision.[@bib11] In addition to these compliance issues, monthly administration results in uneven exposure, with peak and trough levels of the anti-VEGFA protein throughout the dosing cycle.[@bib12]

Gene-based delivery of anti-VEGFA proteins may provide a promising alternative to protein-based therapies. This approach can, potentially, generate robust and sustained levels of therapeutic proteins in the outer retina and choroid where CNV occurs and potentially decrease the need for frequent injections. Several anti-VEGFA gene-therapy approaches have been tried in the past using a variety of vector systems and different anti-VEGFA transgenes.[@bib13], [@bib14], [@bib15], [@bib16], [@bib17] Unfortunately, these efforts led to limited efficacy in the clinic, likely due to a combination of issues related to the route of administration (subretinal versus IVT), vector transduction efficiency, nature of anti-VEGFA transgenes, and vector dose.

ADVM-022, a novel recombinant adeno-associated virus (AAV)-based therapy for wAMD, is optimized for IVT administration and robust protein expression, circumventing some of the limitations of other AAV vectors used in the past. ADVM-022 utilizes the AAV2.7m8 capsid, which has been engineered from AAV2 by directed evolution and screened for highly efficient retinal transduction following IVT administration[@bib18] and which carries a strong, ubiquitous expression cassette encoding a codon-optimized cDNA of the aflibercept protein, a validated therapy for wAMD. Delivery of ADVM-022 therefore has the potential to treat neovascularization that precedes vision loss.

Herein, we report the long-term effect of ADVM-022 more than 1 year post-IVT administration in the laser-induced CNV model in non-human primates (NHPs). ADVM-022 was well-tolerated with no serious adverse safety-related findings, with observations limited to mild, self-resolving inflammation and no changes to macular thickness or volume. In addition, more than a year post-vector-administration, ADVM-022 provided robust aflibercept expression and was highly effective at preventing the occurrence of clinically relevant grade IV laser-induced CNV lesions, similar to a bolus of aflibercept recombinant protein administered at the time of lesioning.

Results {#sec2}
=======

Vector Characterization {#sec2.1}
-----------------------

ADVM-022 (AAV2.7m8-C11.CO.aflibercept) utilizes a novel variant of the AAVserotype 2 (AAV2) capsid as a vector for delivering and encoding aflibercept, a recombinant chimeric protein comprising the VEGFA-binding portions of the extracellular domains of human VEGFA receptors 1 and 2 and the fragment crystallizable region (Fc) portion of human immunoglobulin (IgG1).[@bib19], [@bib20] ADVM-022 was produced in the baculovirus expression system in Sf9 cells where two baculoviruses were used, one encoding the genes for AAV2 Rep and AAV2.7m8 Cap proteins, and the other encoding the vector genome carrying the codon-optimized aflibercept cDNA expression cassette. ADVM-022 was purified by chromatography and filtration steps allowing separation from cell and baculovirus contaminants as well as the enrichment of the purified product in full capsids.

AAV2.7m8 was discovered by directed evolution[@bib18] and is a variant of AAV2, which includes a 10-amino-acid insertion in loop IV of the AAV2 viral structural proteins (VP1-3). It has an improved transduction efficiency *in vitro* and *in vivo* when administered IVT, compared with AAV2 when tested in rodents, non-human primates, and human retinal explants.[@bib18], [@bib21] We tested this vector variant for the efficacy of gene delivery to the retina in the African green monkey, following IVT injection of AAV2.7m8-GFP. The tropism of the AAV2.7m8 capsid and distribution of GFP-transduced cells in African green monkeys, observed by fundus fluorescence imaging by cSLO (confocal scanning laser ophthalmoscopy), corroborated the data described in Dalkara et al.,[@bib18] with strong transduction in fovea and peripheral retina, areas known to have a thin inner limiting membrane ([Figure S1](#mmc1){ref-type="supplementary-material"}). The ADVM-022 expression cassette consisted of a codon-optimized aflibercept cDNA and a combination of regulatory elements to enhance protein expression ([Figure 1](#fig1){ref-type="fig"}). This combination, designated C11, was generated by random association of different regulatory elements, including the CMV promoter, and identified by screening in various cell lines and pig retinal explants to evaluate their efficiency in retinal cells. [Figure S2](#mmc1){ref-type="supplementary-material"} shows an example of enhanced expression of the recombinant protein sFlt1 in porcine retinal explants transduced with AAV2.7m8 vector carrying the improved expression cassette, C11, compared with AAV2.7m8 carrying a cassette under control of the CMV early enhancer-promoter.Figure 1Design of the Aflibercept Expression Cassette (C11)The aflibercept transgene expression cassette is flanked by AAV2 inverted terminal repeats (ITRs). The C11.CO.aflibercept cassette includes regulatory elements including the human cytomegalovirus (CMV) immediate-early enhancer and promoter, an adenovirus tripartite leader sequence (TPL) followed by an enhancer element from the major late promoter (eMLP), a synthetic intron, and a Kozak sequence driving expression of aflibercept. The cDNA of aflibercept is followed by a human scaffold attachment region (SAR) and the human growth hormone (GH) polyadenylation site. Aflibercept is a recombinant chimeric protein consisting of the vascular endothelial growth factor (VEGFA) binding portion of human VEGFR-1 (domain 2) and VEGFR-2 (domain 3 or KDR) fused to the Fc portion of human IgG1 immunoglobulin.

Aflibercept Expression in Vitreous Humor from ADVM-022 {#sec2.2}
------------------------------------------------------

The capacity of ADVM-022 to deliver persistent and pharmacologically relevant levels of aflibercept following IVT injection was evaluated in NHPs. Seven adult monkeys received bilateral 50 μL IVT injections of ∼2 × 10^12^ viral genomes (vg) of ADVM-022 per eye ([Table 1](#tbl1){ref-type="table"}). Although higher than what is commonly used in IVT studies (generally in the 10^10^--10^11^ range),[@bib21] previous pilot studies with AAV2.7m8 vectors had shown that this vector was well tolerated at this dose. Another seven monkeys received 50-μL bilateral injections of formulation buffer (vehicle group).Table 1Study DesignAnimalGroupSubgroup[a](#tblfn1){ref-type="table-fn"}Test ArticleInjection DayDose/Volume per Eye[b](#tblfn2){ref-type="table-fn"}Laser Treatment Month, Post-ADVM-022 IVT DoseA01411aADVM-022day 02 × 10^12^ vg/50 μL13A06611aADVM-022day 02 × 10^12^ vg/50 μL13A07911aADVM-022day 02 × 10^12^ vg/50 μL13A25511aADVM-022day 02 × 10^12^ vg/50 μL13A05511bADVM-022day 02 × 10^12^ vg/50 μLnot laseredA07011bADVM-022day 02 × 10^12^ vg/50 μLnot laseredA07511bADVM-022day 02 × 10^12^ vg/50 μLnot laseredA09022avehicleday 050 μL13A19122avehicleday 050 μL13A26022avehicleday 050 μL13K97322avehicleday 050 μL13A11822bvehicleday 050 μLnot laseredA19422bvehicleday 050 μLnot laseredK93822bvehicleday 050 μLnot laseredA38633aafliberceptmonth 13[c](#tblfn3){ref-type="table-fn"}1.2 mg/30 μL13A54033aafliberceptmonth 13[c](#tblfn3){ref-type="table-fn"}1.2 mg/30 μL13A67833aafliberceptmonth 13[c](#tblfn3){ref-type="table-fn"}1.2 mg/30 μL13A68133aafliberceptmonth 13[c](#tblfn3){ref-type="table-fn"}1.2 mg/30 μL13[^1][^2][^3]

To assess expression levels, vitreous humor was sampled according to the schedule presented in [Table 2](#tbl2){ref-type="table"} and analyzed by an ELISA specific for free (unbound) aflibercept. No aflibercept protein was detected in the vitreous humor of the vehicle control group. In the ADVM-022-treated animals, vitreous aflibercept levels were robust and remained elevated in all animals between 3 and 9 months (averaging 3.5 ± 1.9 μg/mL across all animals and time points), albeit a slight decrease between months 7 and 9 in all animals, likely reflecting the variability of the assay ([Figure 2](#fig2){ref-type="fig"}A). One animal (A255) had very high expression in both eyes compared to the rest of the ADVM-022-treated animals, with average expression levels measuring 7.5 ± 0.95 μg/mL throughout the time course. Interestingly, the right eye of one animal (animal A055) showed a progressive decline (from 2.2 μg/mL at 3 months to 0.87 μg/mL at 16 months) in vitreous aflibercept levels over time while the protein levels in the left eye remained relatively stable throughout the study. Laser photocoagulation procedure did not affect levels of aflibercept protein in ADVM-022-treated animals; the levels of aflibercept detected before the laser procedure (9 months, 3.4 ± 2.0 μg/mL) and after the procedure (15.5 months, 3.4 ± 2.4 μg/mL) were indistinguishable (p = 0.94, paired t test).Table 2Vitreous Humor Sample Collection ScheduleAnimalTest ArticleBaseline3[a](#tblfn4){ref-type="table-fn"}7[a](#tblfn4){ref-type="table-fn"}9[a](#tblfn4){ref-type="table-fn"}13[a](#tblfn4){ref-type="table-fn"}15.5[a](#tblfn4){ref-type="table-fn"}16[a](#tblfn4){ref-type="table-fn"}A014ADVM-022++++−[b](#tblfn5){ref-type="table-fn"}+xA066ADVM-022++++−[b](#tblfn5){ref-type="table-fn"}+xA079ADVM-022++++−[b](#tblfn5){ref-type="table-fn"}+xA255ADVM-022++++−[b](#tblfn5){ref-type="table-fn"}+xA055ADVM-022+++++−+A070ADVM-022+++++−+A075ADVM-022+++++−+A090vehicle++++−[b](#tblfn5){ref-type="table-fn"}+xA191vehicle++++−[b](#tblfn5){ref-type="table-fn"}+xA260vehicle++++−[b](#tblfn5){ref-type="table-fn"}+xK973vehicle++++−[b](#tblfn5){ref-type="table-fn"}+xA118vehicle+++++−+A194vehicle+++++−+K938vehicle+++++−+[^4][^5][^6]Figure 2IVT Delivery of ADVM-022 (2 × 10^12^ vg/Eye) Provides Stable Intraocular Expression of AfliberceptSeven adult monkeys (group 1, [Table 1](#tbl1){ref-type="table"}) were given an IVT injection of ADVM-022. Aflibercept expression levels were measured in vitreous humor samples A) collected according to the schedule in [Table 2](#tbl2){ref-type="table"}, as well as from both retina and choroid tissue collected 16 months after IVT injection (B). (A) Teal, lasered eyes; green, non-lasered eyes.

Robust levels of aflibercept were also measured in retina and choroid tissues---the site of neovascularization in wAMD---in all animals, consistent with levels found in the vitreous ([Figure 2](#fig2){ref-type="fig"}B). Aflibercept levels were detected at lower levels in the aqueous humor after administration of ADVM-022 at 2 × 10^12^ vg/eye (e.g., 0.7 ± 0.2 μg/mL in aqueous humor, compared to 3.4 ± 0.5 μg/mL; mean ± SEM in vitreous humor) 7 months post-dose (data not shown). The aflibercept levels measured in aqueous humor of ADVM-022-treated eyes were comparable to levels described by Niwa et al.[@bib22] from the aqueous humor of cynomolgus monkey eyes measured 2 weeks after IVT injection of 2 mg aflibercept.

Safety and Tolerability of ADVM-022 {#sec2.3}
-----------------------------------

Routine clinical observations including body weight and food consumption were consistent with IVT administration of ∼2 × 10^12^ vg/eye of ADVM-022 being well tolerated. There were no clinical signs indicative of ADVM-022 related systemic effects.

To evaluate the ocular safety and tolerability of ADVM-022 following IVT administration, eyes were assessed by slit-lamp biomicroscopy and fundoscopy prior to dosing and at different time points up to 12.5 months post-dose (shortly before laser treatment) in all seven animals in the ADVM-022 and vehicle control groups. In the vehicle control-treated animals evaluated, the ophthalmic exam findings were limited to fibrin strands occurring in 4 of 14 eyes and aqueous cells in 1 of 14 eyes during the 12.5 months of observation period prior to laser treatment. Ophthalmic effects, including aqueous cell infiltrates (mild to moderate), vitreous cell infiltrates (mild to moderate), keratic precipitates (mild to moderate), and incidental lens capsule deposits (mild to moderate), were observed in animals treated with ADVM-022 ([Figure 3](#fig3){ref-type="fig"}). The aqueous cell response peaked at 1 month and resolved by 3 months post-injection ([Figure 3](#fig3){ref-type="fig"}A) without anti-inflammatory treatment. In addition, fine white cell and some pigmented keratic precipitates were observed early in the study (up to 6 months post-dose), with the increasing occurrence of pigmented keratic precipitates at the later time points. (9--12.5 months). Keratic precipitate severity scores were mild to moderate and persisted for the duration of the study period and were not deemed clinically significant by the facility veterinarian and ophthalmologist ([Figure 3](#fig3){ref-type="fig"}C). Vitreous cell response in ADVM-022-treated animals ranged from absent to moderate, the number of affected eyes with mild-to-moderate score peaked at 1 month and later declined without steroid treatment, although the manifestation was more persistent than aqueous cell infiltration ([Figure 3](#fig3){ref-type="fig"}B). Lens capsule deposits were noted after 0.5 months but quickly resolved ([Figure 3](#fig3){ref-type="fig"}D). There was no aqueous flare or vitreous haze detected over the 12.5-month study period, except grade 1+ vitreous haze observed in one eye at 12.5 months, corresponding to slight opacities without obscuration of retinal details.Figure 3ADVM-022 Has Generally Mild and Transient Effects on Aqueous and Vitreous Cell Infiltrates, Keratic Precipitates, Lens Capsule Deposits, and Intraocular PressureThe parameters scored by the Hackett-McDonald irritation and inflammation scoring system are shown: aqueous cells (A), vitreous cells (B), keratic precipitates (C), aqueous flare (D), lens capsule deposits (E), and IOP (F) in ADVM-022 IVT-injected eyes. No vitreous haze was detected except in one eye at 12.5 months (grade 1+). Horizontal bars show mean values (n = 14 eyes). The decrease in IOP coincides with a peak in markers of inflammation. Each symbol represents one individual eye.

Intraocular pressure (IOP) was assessed with tonometry at baseline and at 0.5, 1, 3, 6, 9, and 12.5 months post-dose. IOP remained normal in vehicle-treated eyes. There was a transient reduction in IOP in 4 of 14 eyes in the ADVM-022-treated group. This IOP reduction was observed in the eyes of animals that showed a higher grade of anterior chamber reaction at 0.5 months post-dosing ([Figure 3](#fig3){ref-type="fig"}A; animals A014 and A066). After reaching a nadir at 0.5 months, IOP improved toward normal at 1 month without anti-inflammatory treatment and returned to baseline levels by 3 months, where it remained for the duration of the study ([Figure 3](#fig3){ref-type="fig"}F).

The average retinal thickness and volume was assessed by spectral domain optical coherence tomography (SD-OCT) in the region defined by the grid for the early treatment of diabetic retinopathy study (ETRDS; ClinicalTrials.gov: [NCT00000151](NCT00000151){#intref0010}), including the foveal region. Retinal thickness and retinal volume did not change over the 12.5 months following IVT delivery of ADVM-022 ([Figure 4](#fig4){ref-type="fig"}), indicating that there was no significant retinal edema during the observation period and that the continuous exposure of aflibercept to the animals did not induce gross degenerative retinal structural changes. In addition, fundoscopy (baseline; 0.5, 1, 3, 6, 9, and 12.5 months) and fluorescein angiography (baseline; 3, 6, 9, and 12.5 months) did not identify changes in retinal morphology, optic nerve head, or vascular integrity ([Figure S3](#mmc1){ref-type="supplementary-material"}).Figure 4Prolonged Exposure of Retina to Aflibercept following ADVM-022 Administration Does Not Result in Changes in Retinal Volume or ThicknessThe average retinal thickness and volume was assessed by SD-OCT in the region defined by the grid for the early treatment of diabetic retinopathy study (ETRDS) including the foveal region. Measurements were taken in the ADVM-022 and vehicle treated groups at baseline, 3, 6, 9, 12.5 months post-dosing. n = 14 eyes. Mean values ± SEM shown.

Long-Term Efficacy of ADVM-022 in the Laser-Induced CNV Model {#sec2.4}
-------------------------------------------------------------

Initially, the efficacy of ADVM-022 was evaluated in a short-term laser-induced CNV study when ADVM-022 was delivered by IVT injection 56 days prior to the laser challenge. This study found that ADVM-022 was as effective in suppressing laser-induced exudative lesions as aflibercept, administered immediately after laser treatment ([Figure S4](#mmc1){ref-type="supplementary-material"}).

A subsequent long-term study addressed the durability of ADVM-022 efficacy in the CNV model. Four NHPs that received ADVM-022 and four that received vehicle 13 months prior were randomly chosen in their respective groups to undergo laser photocoagulation in the peri-macular region of the retina to induce CNV lesions ([Table 1](#tbl1){ref-type="table"}; groups 1a and 2a). A group of four additional naive animals received a single IVT injection of 1.2 mg commercially available aflibercept recombinant protein at the time of photocoagulation to serve as a positive control (group 3). The amount of aflibercept recombinant protein injected corresponded to clinical doses used in patients but adjusted proportionately to the vitreal volume of the African green monkey eye (half human vitreous volume). Efficacy was assessed as the frequency of clinically relevant grade IV exudative lesions (defined as bright hyperfluorescence early or midtransit, with late fluorescein leakage extending beyond the borders of the laser spot). Previous NHP studies have demonstrated that the incidence of grade IV lesions, as a component within the full angiogram grading scale, is robustly representative of the response to the IVT injection of standard-of-care anti-angiogenic drugs.[@bib23], [@bib24] In this study, the grade IV lesions were assessed at 2 and 4 weeks post-laser by fluorescein angiography, and the conclusions were supported by cross-sectional measures of CNV complexes generated by OCT imaging.

Although nine laser spots were applied in each eye, not all lesions were assessable due to the presence of hemorrhage masking the lesion sites (a common occurrence following laser photocoagulation)[@bib23] or poor visibility due to insufficient mydriasis ([Table S1](#mmc1){ref-type="supplementary-material"}). A large subretinal hemorrhage formed in two eyes during lasering procedure made laser photocoagulation infeasible in a total of four neighboring lesions.

Consistent with this model, the incidence of grade IV lesions was 43% and 40% in the vehicle group at 2 and 4 weeks post-laser, respectively ([Figure 5](#fig5){ref-type="fig"}, right panel). The aflibercept recombinant protein control group had a statistically significant lower incidence of grade IV lesions than the vehicle-treated group at 2 and 4 weeks post-laser (3% and 5%, respectively p \< 0.0001, [Figure 5](#fig5){ref-type="fig"}). In comparison, the animals that received ADVM-022 also had a significantly lower incidence of grade IV lesions than vehicle animals at 2 and 4 weeks post-laser (0% and 6%, respectively; p \< 0.0001, Fisher's exact test). No statistical difference in the grade IV lesion incidence was observed between ADVM-022 and aflibercept recombinant protein groups.Figure 5Single-Dose IVT ADVM-022 Significantly Reduces the Incidence of Grade IV Lesions When Administered 13 Months Prior to Laser-Induced CNVLeft, Representative early (∼30 s; A, C, and E)- and late-phase (∼6 min; B, D, and F) fluorescence angiograms from vehicle-injected (A and B), aflibercept-injected (C and D), and ADVM-022-injected eyes (E and F). Right, Incidence of grade IV lesions in groups treated 13 months prior to the CNV induction with vehicle or ADVM-022 or treated with aflibercept immediately after the laser photocoagulation. Numbers on the top of bars show the absolute number of grade IV lesions scored over the total number of assessable lesions. p \< 0.0001 versus vehicle (Fisher's exact probability test). There was no statistical difference between the ADVM-022 and aflibercept groups.

To address the potential eye-to-eye variability in response to the treatments, all groups were also evaluated based on the counts of grade IV lesions per eye. This analysis confirmed a statistically significantly lower incidence of grade IV lesions in the eyes treated with ADVM-022 compared with vehicle (p \< 0.05 at 2 weeks post-laser and 4 weeks post-laser, Mann-Whitney U test). Treatment with aflibercept recombinant protein at the time of lesion also resulted in a statistically significant decrease in the incidence of grade IV lesions compared with vehicle at 4 weeks post-laser (p \< 0.05). There was no significant difference in the incidence of grade IV lesions between the ADVM-022 and aflibercept recombinant protein-treated eyes at 2 or 4 weeks post-laser (p = 0.4 and 0.85, respectively) ([Figure S5](#mmc1){ref-type="supplementary-material"}).

To explore whether the suppression of the number of grade IV exudative lesions corresponded with the decrease in the size of CNV fibro-vascular complexes, we used SD-OCT to assess the anatomic appearance of CNV lesions. SD-OCT has become a valuable complement to fluorescein angiography and associated CNV leakage grading scales, to characterize wAMD in clinical and preclinical evaluations to measure the response to the anti-angiogenic therapies. By providing cross-sectional images of the retina,[@bib25], [@bib26], [@bib27], [@bib28] SD-OCT has been demonstrated to be a reliable metric for the evaluation of CNV complex size.[@bib27], [@bib29] SD-OCT reveals CNV complex morphology that correlates with histological data and has been successfully applied in the NHP model of CNV to test the efficacy of novel anti-angiogenic agents.[@bib30], [@bib31]

Subretinal fibro-vascular complexes in CNV were identified as hyper-reflective zones in the SD-OCT section images, as described in the [Materials and Methods](#sec4){ref-type="sec"}. CNV complex formation was quantified in OCT images collected at 2 and 4 weeks post-laser photocoagulation, with each site evaluated by area analysis of cross-sectional OCT images. IVT ADVM-022 or aflibercept recombinant protein treatment resulted in a comparable and statistically significant reduction in the CNV complex area at 2 and 4 weeks compared with the vehicle group. While the mean CNV complex area measured from principal axis images was 142,369 and 82,923 μm^2^ in the vehicle group at 2- and 4-weeks post-laser, respectively, the mean CNV complex area in ADVM-022 treated eyes was 45,078 and 23,792 μm^2^ at 2 and 4 weeks, respectively. Similarly, the mean CNV complex area measured in the aflibercept-treated group was 44,503 and 26,622 μm^2^ at 2 and 4 weeks, respectively (p \< 0.0001 at both time points for ADVM-022 or aflibercept recombinant protein versus vehicle; [Figure 6](#fig6){ref-type="fig"}). There were no significant differences between ADVM-022 and aflibercept recombinant protein groups at 2 or 4 weeks post-laser (p \> 0.999 at both time points).Figure 6Single Dose of IVT ADVM-022 Administered 13 Months Prior to Laser Significantly Reduces the Size of Fibro-vascular CNV ComplexesLeft, Representative OCT images at 4 weeks post-laser from eyes receiving vehicle (A), aflibercept (B), and ADVM-022 (C). Right, Size of CNV complex evaluated at 14 and 28 days post-laser photocoagulation. CNV complex size is presented as the area of the CNV in the optical cross-section. Mean CNV complex areas were significantly smaller in the ADVM-022 and aflibercept groups compared with vehicle. Data shows mean maximum cross-sectional CNV area with bars indicating SEM (7 to 8 eyes analyzed per group). Number of lesions assessed (n) was 71, 68, and 62 for vehicle-, aflibercept-, and ADVM-022-treated groups, respectively, at 2 weeks post-laser and 70, 67, and 63 4 weeks post-laser. There was no statistical difference between the ADVM-022 and aflibercept groups. (\*\*\*\*p \< 0.0001; ns, non-significant; Mann-Whitney U test).

Discussion {#sec3}
==========

Anti-angiogenic recombinant protein therapies targeting VEGFA such as aflibercept,[@bib6] ranibizumab,[@bib4], [@bib32] and bevacizumab[@bib1], [@bib5] have shown to be very effective at reducing CNV and vision loss associated with wAMD. However, compliance with the treatment regimen for these therapies can constitute a considerable burden to patients[@bib7] and a survey of 90 retinal specialists with large clinical practices determined that reduced dosing frequency is the greatest unmet need in wAMD therapy.[@bib33] Novel approaches to extend the benefits of anti-VEGFA therapy are being evaluated, including longer-acting anti-VEGFA agents, port delivery, and injectable depot systems for delivering anti-VEGFA therapies, topical eye-drops, and oral anti-VEGFA therapies.[@bib34] While these approaches may reduce or eliminate the need for ocular injections, they provide finite amounts of drug for a chronic disease that requires long-term, if not life-long therapy. Gene-based therapy for wAMD has the potential to overcome current compliance issues by ideally providing a life-long supply of anti-VEGFA protein at the site of the disease following a single vector administration.

Route of administration is an important consideration when developing therapies administered via ocular injection. Subretinal administration of recombinant AAV (rAAV) vectors is a very efficient means to deliver therapeutic genes to the retina, and this route of administration is currently used in an approved gene therapy to treat a rare form of genetic blindness (Leber's congenital amaurosis type 2 \[LCA2\]).[@bib35] Unlike wAMD, a significant clinical benefit in this indication can be achieved by transducing a relatively small number of cells. Given that subretinal injection is limiting with respect to the amount of vector that can be infused and the localized transduction of cells under the bleb, with little diffusion of the vector beyond the bleb boundaries,[@bib36] this delivery method may be suboptimal for wAMD gene therapy. Nonetheless, one clinical trial was conducted to evaluate the efficacy of an AAV2 vector expressing sFlt-1 using this route of administration.[@bib37] Another trial is also currently underway with anti-VEGFA Fab fragment expression cassette delivered via subretinal injection with an AAV8 vector that has shown better transduction efficiency than AAV2[@bib38] (ClinicalTrials.gov: [NCT03066258](NCT03066258){#intref0015}). Other potential drawbacks of subretinal injection include risks such as development of cataracts[@bib39] and the requirement for a surgical setting (unlike IVT administration, which can be performed as an outpatient procedure in the doctor's office). Currently, only seven prequalified centers in the United States offer the gene therapy for LCA2, suggesting that access to other gene therapies that require subretinal injection may be limited.

Owing to its improved transduction efficiency of the retina when compared to AAV2,[@bib18] IVT administered AAV2.7m8 has the potential to enable high levels of aflibercept expression. This is supported by the data described in [Figure S1](#mmc1){ref-type="supplementary-material"} demonstrating robust retinal transduction in NHPs following IVT administration of the AAV2.7m8 capsid carrying the GFP cDNA. At a dose of 5 × 10^11^ vg/eye the pattern of transduction with AAV2.7m8-GFP in African green monkey eye was identical to that described for this vector in cynomolgus monkey ([Figure S1](#mmc1){ref-type="supplementary-material"}).[@bib18] The vector administration resulted in robust transduction in the foveal pit, with low to no expression in peri-macular region extending to the vascular arcades (due to the presence of the thick inner limiting membrane in this area) and increased density of GFP-expressing cells toward the peripheral retina, with high levels of transduction in perivascular areas. Similarly, ADVM-022 is expected to robustly transduce a larger portion of the retina, allowing for an increased number of cells to produce aflibercept and contribute to the efficacy of the treatment.

Results presented here demonstrate that IVT injection of ADVM-022 provides stable and robust intraocular expression of aflibercept and results in high levels of unbound aflibercept within the tissue in which wAMD occurs, i.e., retina and choroid ([Figure 2](#fig2){ref-type="fig"}). Importantly, aflibercept levels in the aqueous humor of NHPs measured 7 months following IVT administration of ADVM-022 were similar to aflibercept levels in the aqueous humor of human subjects measured 1 month following bolus monthly or bi-monthly administration of aflibercept protein.[@bib40] At this time point, human patients had a significantly reduced free VEGFA-A levels in the aqueous humor.[@bib40] This suggests that AAV2.7m8-based gene therapy may provide sustained therapeutic levels of aflibercept expression to the eye. In the current study, a single IVT injection of ADVM-022 administered 13 months prior to laser photocoagulation reduced the incidence of grade IV lesions to the same extent as a 1.2 mg IVT bolus of aflibercept recombinant protein, administered at the time of lesioning ([Figures 5](#fig5){ref-type="fig"} and [S5](#mmc1){ref-type="supplementary-material"}), as measured by FA. The effect of the treatment on grade IV CNV lesion incidence correlated with smaller size of fibrovascular CNV complexes, as measured by SD-OCT. Multiple preclinical and clinical studies using AAV-based gene therapy approaches, particularly in the eye, have shown transgene product expression lasting several years.[@bib35], [@bib41] Similarly, as judged by the robust aflibercept expression in retinal tissues obtained at 16 months post-injection, it is likely that cells transduced with ADVM-022 will continue to generate aflibercept for an extended period of time.

Intraocular inflammation following the IVT administration of treatments for ocular diseases has been reported in other preclinical studies of retinal gene therapy[@bib42], [@bib43] and, if severe or prolonged, could limit the use of such therapies in the clinic. In our early preclinical studies, we had found a favorable ocular safety profile with AAV2.7m8 vectors administered by IVT injection at doses up to 2 × 10^12^ vg/eye,[@bib44] which provided rationale for the use of this dose to evaluate ADVM-022 long- term efficacy (data not shown). The assessments of inflammatory response (aqueous cells, vitreous cells, aqueous flare, vitreous haze, and keratic precipitates) and IOP presented here ([Figure 3](#fig3){ref-type="fig"}) show that the mild to marked effects of ADVM-022 on aqueous cells, aqueous flare, and vitreous haze were generally transient and self-resolving, with a peak response at approximately 1-month post-dose with partial resolution by 3-months post-dose. However, vitreous cell infiltrates and keratic precipitates of diminished size and more pigmented composition, were present at 12.5 months post-dose. Longer persistence of keratic precipitates and vitreous cell compared to anterior chamber cell likely reflects a more dynamic turnover of the of inflammatory mediators, cells and debris in the aqueous chamber, while the corneal endothelial surface and vitreous chamber present a more static environment, resulting in slower clearance of remnant cellular and acellular material. As such, persisting keratic precipitates in this study appeared to be a reflection of the clearance rate of the cellular component of the initial inflammatory event.

The potential for ADVM-022 to induce ocular inflammation in patients can be mitigated by treating with anti-inflammatory agents, as has been successful in previous clinical trials of IVT-administered AAV vectors.[@bib45] For instance, in a previous clinical trial of AAV2-sFlt-1, keratic precipitates that developed in a patient 1 month after receiving the AAV2-based gene therapy were successfully treated with topical steroids.[@bib15] This suggests that this potential side effect would not be rate limiting with respect to clinical development of ADVM-022.

Long-term VEGFA suppression has been cited as a risk of degeneration of retinal tissue (geographic atrophy \[GA\]), as studies have shown a requirement for VEGFA in the physiological integrity of the retina.[@bib46], [@bib47] Direct evidence linking anti-VEGFA therapy to GA, however, remains to be established. The results presented here show that the robust and sustained long-term expression of aflibercept more than 12 months post-IVT administration of ADVM-022 did not result in changes to macular volume or thickness as assessed by SD-OCT ([Figure 4](#fig4){ref-type="fig"}) or changes to retinal or optic nerve head morphology or vascular integrity ([Figure S3](#mmc1){ref-type="supplementary-material"}). In addition, in a separate study a 12-month evaluation of retinal function by electroretinography (ERG) in human AMD patients treated with IVT injections of ranibizumab did not reveal any functional decline,[@bib48] and retinal or retina pigmented epithelium atrophy and other serious ocular adverse events have not been observed in clinical trials of other gene-based approaches to VEGFA inhibition at 12 months.[@bib14], [@bib15], [@bib37]

The results presented here demonstrate for the first time preclinical evidence of long-term robust expression and efficacy of aflibercept, an approved anti-VEGFA protein therapy for wAMD delivered by IVT administration of a gene-therapy vector. Aflibercept levels found in the vitreous and retinal tissue of NHPs reported here are consistent with therapeutic levels of the protein shortly after bolus injection of aflibercept protein in rabbits.[@bib12] This sustained expression and IVT route of administration, which does not require specialized surgical skills and bypasses the risks associated with subretinal injection, are important factors that could address the current compliance challenges associated with protein therapies for wAMD. ADVM-022 combines the AAV2.7m8 capsid, which has improved retinal transduction following IVT administration, and a strong ubiquitous expression cassette, which offers important advantages over prior and ongoing gene therapy approaches. The robust pharmacology and pharmacokinetics results reported here support the initiation of ADVM-022 clinical trials in patients with wAMD.

Materials and Methods {#sec4}
=====================

Vector {#sec4.1}
------

ADVM-022 utilizes the AAV2.7m8 capsid, a variant of AAV2 that includes a 10-amino-acid insertion in loop IV of the AAV2 viral protein 3 (VP3).[@bib18] The DNA genome consists of the viral inverted terminal repeats from AAV2 flanking the expression cassette, C11.CO.aflibercept. This C11.CO.aflibercept cassette consists of regulatory elements including the human cytomegalovirus (CMV) immediate-early enhancer and promoter, an adenovirus tripartite leader sequence (TPL) followed by an enhancer element from the major late promoter (eMLP), a synthetic intron, and a Kozak sequence driving expression of aflibercept. cDNA of aflibercept is followed by a human scaffold attachment region (SAR) and the human growth hormone (GH) polyadenylation site. Aflibercept is a recombinant chimeric protein consisting of the VEGFA binding portion of human VEGFR-1 (domain 2) and VEGFR-2 (domain 3 or KDR) fused to the Fc portion of human IgG1 immunoglobulin.

Aflibercept {#sec4.2}
-----------

Aflibercept recombinant protein used as positive control is manufactured by Regeneron Pharmaceuticals and was purchased commercially.

Animals and Study Design {#sec4.3}
------------------------

This study was conducted in naive adult (5--12 years old) African green monkeys (*Chlorocebus sabaeus*) of both sexes (N = 18; randomized into three groups by weight; [Table 1](#tbl1){ref-type="table"}). All animals were used in accordance with the ARVO Statement for the Use of Animals in Ophthalmic and Vision Research. The use of bilateral treatments and all procedural aspects of the animal studies was approved by the Animal Care and Use Committee overseeing animal welfare at the primate facility (St. Kitts Biomedical Research Foundation, St. Kitts, West Indies) with which RxGen (Connecticut) maintains a facility use agreement. All animals were in the normal range at baseline ophthalmic screening, including tonometry, slit lamp biomicroscopy, fundoscopy, color fundus photography (CFP), fluorescein angiography (FA), and OCT. Groups 1 and 2 were enrolled on study on day 0, while group 3a was enrolled at 12.5 months.

Animal Care and Handling {#sec4.4}
------------------------

Animals were anesthetized for all procedures and ophthalmic evaluations (8.0 mg/kg ketamine/1.6 mg/kg xylazine, intramuscularly \[IM\] to effect). General well-being was assessed before, during, and after sedation as well as twice daily on non-procedure days. The amount of food biscuits consumed daily was monitored. Body weight was measured at the time of ophthalmic examinations.

Test Article Administration {#sec4.5}
---------------------------

On study day 0 groups 1 and 2 received bilateral (OU) IVT injections of 50-μL ADVM-022 or vehicle ([Table 1](#tbl1){ref-type="table"}). Group 3 animals received IVT 1.2 mg (30 μL) aflibercept (Eylea, 40 mg/mL, approved therapy for wAMD) OU following laser treatment at 13 months. IVT doses were administered under local anesthesia (0.5% proparacaine) using a 31G 5/16-inch needle (Ulticare Vet RX U-100, \# 09436) 2 mm posterior to the limbus in the inferior temporal quadrant, targeting the central vitreous.

Laser-Induced CNV {#sec4.6}
-----------------

At 13 months post-dose, CNV was induced between the temporal vascular arcades by laser photocoagulation to the "a" subgroups ([Table 1](#tbl1){ref-type="table"}). Nine laser spots were symmetrically placed in each eye with an Iridex Oculight TX 532 nm laser. CFP was performed immediately after the laser treatment to document the laser lesions. Animals with areas demonstrating severe retinal or subretinal hemorrhage immediately post-laser that did not resolve by the time of follow-up examination were excluded from quantitative image analyses.

Follow-Up Evaluations {#sec4.7}
---------------------

All group 1 and 2 eyes were examined by slit lamp biomicroscopy, fundoscopy, tonometry, and CFP at baseline, 14 days, and 1, 3, 6, 9, and 12.5 months post IVT injection. Slit lamp biomicroscopy and fundoscopy were additionally conducted immediately prior to laser at 13 months. FA and OCT were conducted at baseline and 3, 6, 9, and 12.5 months post-dose. All eyes were examined by slit lamp biomicroscopy, fundoscopy, tonometry, CFP, FA, and OCT at 2 and 4 weeks post-laser-photocoagulation.

Evaluations {#sec4.8}
-----------

### Slit Lamp Biomicroscopy and Fundoscopy {#sec4.8.1}

Anterior segment cells and flare were examined by slit lamp biomicroscopy (SL-2E, Topocon) and scored using a modified Hackett-McDonald scale. Evaluation of the posterior wall and vitreous inflammation was performed by posterior segment slit lamp exam employing a 90-diopter lens. Retinal infiltrates and hemorrhage, vascular dilation, tortuosity, and sheathing, and optic disc edema were also evaluated during the fundoscopy.

### CFP and FA {#sec4.8.2}

Bilateral color fundus images were captured using a Topcon TRC-S0EX retinal camera with Canon 6D digital imaging hardware and New Vision Fundus Image Analysis System software under pupil dilation (10% phenylephrine hydrochloride and 1% cyclopentolate hydrochloride). FA was performed with 10% sodium fluorescein (0.1 mL/kg, IV). FA in oculus dexter (OD) preceded angiography in oculus sinister (OS) by 4--6 hours to allow washout of the fluorescein between the angiogram image series (0, 2, 15, 20, 25, 30, 40, and 50 s, 1, 2, 3 and 6 min). Graded scoring of angiograms was performed on fluorescein angiogram series collected at 2 and 4 weeks post-laser by a masked investigator.

Fluorescein leakage was graded by a masked investigator using the following grading scale: I, no hyperfluorescence; II, hyperfluorescence without leakage and no significant residual staining in late-phase angiograms; III, hyperfluorescence early or mid-transit with late leakage and significant residual staining; IV, hyperfluorescence early or mid-transit with late leakage extending beyond the borders of the treated area.

### OCT {#sec4.8.3}

OCT was performed every 3 months to evaluate retinal thickness, volume, and structural integrity using a Heidelberg Engineering Spectralis OCT Plus system (Vista, CA) and Heidelberg Eye Explorer (HEYEX) software (v1.6.1.). The dense retinal volume scans consisted of 48 parallel scans of 30° in the horizontal plane positioned 50 μm apart with image averaging over 50 automatic retinal tracking (ART) frames with scan grid centered on the fovea. Retinal thickness and volume were calculated by the OCT system at time points prior to laser treatment. To measure laser-induced CNV size using cross-sectional area analysis of the lesion, nine star-shaped scans per eye, centered on each lesion, were performed. Star-shaped scans consisted of 12 scans intersecting at 15° in a clock pattern with image averaging over 25 ART frames. The principal axis of maximal CNV complex formation and corresponding 60° and 120° axes were defined within each star-shaped scan at each laser lesion by the OCT examiner and exported for analysis. The CNV complex area was measured by a masked evaluator using ImageJ to delineate the CNV complex boundary and calculate maximum complex area in square microns (μm^2^) and maximum thickness in microns within each exported OCT section.

### Tonometry {#sec4.8.4}

IOP measurements were made with a TonoVet (iCare, Finland) tonometer at the dog (d) setting. Under full sedation, monkeys were placed in a supine position in an IOP testing apparatus. Three measures were taken per eye at each time point and the mean value calculated.

### Vitreous Humor Collection {#sec4.8.5}

Vitreous humor (50 μL each in-life/50 μL × 3 at termination) was sampled at baseline, 3, 7, 9 months (subgroups "a" and "b"), 15.5 months (prior to sacrifice, "a" subgroups), and 13 months ("b" subgroups). Samples were collected using a 0.3 mL insulin syringe with a 27G needle introduced aseptically 3 mm posterior to the limbus.

### Termination and Tissue Collection {#sec4.8.6}

All "a" subgroup animals were euthanized with pentobarbital after completion of final ophthalmic examinations and confirming the quality of fundus imaging at 15.5 months. Prior to sacrifice, samples of vitreous humor, serum, and plasma were collected. Following sample collection, animals were euthanized with pentobarbital and globes enucleated. Globes were dissected to isolate cornea, iris-ciliary body, lens, vitreous (full volume remaining after initial tap), choroid, retina, sclera, and optic nerve.

### Bioanalysis for Aflibercept Expression {#sec4.8.7}

Unbound aflibercept levels in vitreous humor, retina, and choroid were measured using a quantitative ELISA. ELISA plates (NUNC MaxiSorp) were coated with 100 μL/well of recombinant human VEGFA (rhVEGFA) (R&D Systems) at a concentration of 1 μg/mL in coating buffer (R&D Systems) and incubated overnight at 4°C. After washing with wash buffer (KPL), the plates were blocked with 300 μL/well of protein-free blocking buffer (Pierce). Afterward, the plates were washed and the samples were added (100 μL/well) at following dilutions (1:1,000 for ADVM-022-treated samples and 1:50 for vehicle-treated samples) and incubated for 2 hr at room temperature (RT). The plates were then washed again, and 100 μL/well of anti-human Fc domain of IgG (Fcγ)-specific antibody conjugated to horseradish peroxidase (HRP) (Jackson ImmunoResearch) at 500 ng/mL in BSA 1% in PBS was added to the wells. After washing, 100 μL/well of SuperSignal ELISA Pico Chemiluminescent Substrate (Thermo Fisher Scientific) was added to the wells, and luminescence signal was measured using a microplate luminometer.

Data Analysis {#sec4.9}
-------------

Graded (I--IV) scoring of laser lesions was analyzed using the Fisher's exact test where incidence of grade IV lesions was assigned "Yes" and any other grading assigned "No." To address the potential eye-to-eye variability, all groups were also evaluated based on the counts of grade IV lesions per eye using Mann-Whitney U test. CNV complex cross-section area data were not of normal distribution (D'Agostino-Pearson omnibus normality test) and were analyzed by Mann-Whitney test as well. All statistics were performed using the statistical analysis software GraphPad Prizm. Values of p \< 0.05 or smaller were considered statistically significant.
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[^1]: At 12.5 months, group 1 and 2 animals were divided into subgroup a and b, respectively.

[^2]: All articles were delivered via intravitreal injection to both eyes.

[^3]: Injected immediately following laser photocoagulation procedure.

[^4]: +, Vitreous humor collected; −, vitreous humor not collected; x, vitreous humor collected at termination.

[^5]: Months following IVT delivery of test article or vehicle.

[^6]: Laser procedure administered; vitreous humor not collected.
